This study aimed to investigate the damping capacities of Mg(09)%Sn casting alloys. An increase in the Sn content led to an increase in the Sn-rich area and the volume fraction of Mg 2 Sn phase, and to a decrease in the damping levels both in the strain-amplitude-independent and strain-amplitude-dependent regions. The evaluation of the microstructural evolution indicates that the higher Sn solute concentration in the ¡-Mg matrix and the increased number density of Mg 2 Sn precipitates are responsible for the deterioration of the damping capacities in the strainamplitude-independent and strain-amplitude-dependent regions, respectively.
Introduction
Mg alloys are considered to be highly promising structural materials due to their low density (1.8 g/cm 3 ), good damping properties, good machinability, and effective electromagnetic interference (EMI) shielding. 1) Lightness is generally accepted as the principal factor governing the practical application of Mg alloys in transportation vehicles and portable electronic devices. However, to ensure the safety of passengers or stored data against sudden impacts and irregular vibrations, the damping capacity of Mg alloys should be regarded as a significant parameter to assess their suitability for structural utilization. 2, 3) Sn is one of the useful alloying elements for improving the high-temperature strength of Mg alloys because its use results in microstructure refinement and formation of Mg 2 Sn with a high melting point of 771°C. 4) Liu et al. 5) investigated the microstructure, tensile properties, and creep behavior of Mg(110)%Sn binary alloys, and reported that the microstructure was refined and the volume fraction of eutectic Mg 2 Sn phase distributed along dendritic cell boundaries gradually increased with the Sn content. Hardness and creep resistance improved with increasing Sn content, but tensile strength and elongation show a peak value for 5% Sn. Furthermore, the MgSn-based alloys are precipitationhardenable due to the large solid solubility difference of Sn in Mg (14.85 mass% at 561°C and 0.45 mass% at 200°C). 4) Nayyeri et al. 6) investigated the creep properties of as-cast and aged Mg5%Sn alloy and reported that the aged alloy showed better creep resistance than the as-cast alloy due to dispersion of fine Mg 2 Sn precipitates in the ¡-Mg matrix. In spite of numerous studies 510) on the microstructure and mechanical properties of MgSn based alloys in as-cast and heat-treated states, there is little information available on their damping capacities with respect to Sn content. Recently, Mg Sn alloys have paid an increasing attention as biodegradable implant materials potentially applicable in osteosynthesis. 11) Because high damping can suppress the bone damage before biodegradation by reducing vibrations and oscillations, 12) the damping capacities of MgSn alloys need to be examined. The objectives of this study are, thus, to investigate the damping behavior of MgSn alloys with various Sn content from 0 to 9% and to correlate the results with the microstructural evolution.
Experimental
MgSn binary alloys having 1, 3, 5 and 9%Sn (mass%), were prepared by melting 99.9% pure Mg and 99.99% Sn under a (SF 6 + CO 2 ) protective gas environment and casting the alloys in a steel mold. Pure Mg was also prepared as a reference material. From the ingots, various specimens for microstructural characterization and damping measurements were prepared by machining. The chemical compositions of the experimental alloys were determined by Inductively Coupled Plasma (ICP) analysis, and the results are listed in Table 1 . The damping capacities were measured at room temperature by using a dynamic mechanical analyzer (DMA, TA Q-800) in the strain amplitude range of 1 © 10 ¹6 to 6 © 10 ¹4 vibrating in a single cantilever mode (frequency: 1 Hz). The dimensions of damping test specimens were 35 © 12 © 1.5 mm 3 . The damping capacity was evaluated in terms of loss tangent (tan º), where º is the phase lag angle between the applied strain and the responding stress. Microstructures were characterized by means of scanning electron microscopy (SEM, FEI QUANTA-200F) with energy dispersive X-ray spectroscopy (EDS, AMETEK PV72-60030F). Figure 1 shows SEM images with low and high magnifications for the Mg(19)%Sn alloys. In the as-cast state, the MgSn alloys are characterized by a dendritic microstructure of primary ¡-Mg matrix with Mg 2 Sn precipitates and Sn-rich areas along the dendrite cell boundaries. It is noted that only divorced Mg 2 Sn precipitates were found in the Mg1%Sn and Mg3%Sn alloys, while eutectic (¡-Mg + Mg 2 Sn) phases with lamellar morphologies were also observed in the MgSn alloys with Sn content above 5%. The microstructure was refined, and the size and amount of Mg 2 Sn precipitates increased with Sn content, which agrees well with previous results reported by Liu et al. 5) The microstructural refinement induced by Sn addition is related to the Sn solute enrichment that causes constitutional undercooling in a diffusion layer in front of the advancing solid/liquid interface and restrains the growth of the grains.
Results and Discussion
13) The EDS analysis of areas "A" (bulk) and "B" (lamellar) in Fig. 1(h Fig. 2 . As the Sn content increases, both the Sn concentration in the ¡-Mg matrix and volume fraction of Mg 2 Sn precipitates increase accordingly. The increased Sn concentration in the ¡-Mg matrix with increasing Sn content would be related to the fast cooling rate in the case of the permanent mold casting process and the low diffusivity of Sn in Mg (10 © 10 ¹14 m/s 2 at 400°C), 14) because of which the supersaturated Sn content increases in proportion to the Sn content in the MgSn alloys.
Changes in damping capacity (tan º) with strain amplitude for pure Mg and Mg(19)%Sn alloys are shown in Fig. 3 ; the inset shows the magnified curves corresponding to the strain-amplitude-independent region below 1 © 10 ¹5 . The damping capacity response to variation in the strain amplitude can be divided into two parts: the strainamplitude-independent damping at the lower strain region and the strain-amplitude-dependent damping at the higher strain region. It is clear from Fig. 3 that all MgSn alloys exhibit lower damping capacities than pure Mg does and that the damping capacity deteriorates with an increase in the Sn content.
It is generally accepted that the total damping capacity (¤) is composed of strain-amplitude-independent damping (¤ o ) and a strain-amplitude-dependent damping (¤ H ). J.-H. Junsegments pinned by weak pinning points such as solute atoms, while ¤ H results from the loss caused by dislocation segments pinned by strong pinning points such as precipitates and aggregates. According to the GranatoLücke (GL) theory, 1517) ¤ can be described as follows:
¤ H ð¾Þ ¼ ðC 1 =¾Þ expðÀC 2 =¾Þ ð 3Þ
where μ and L d are the dislocation density and the average distance between weak pinning points, respectively, and F B , E, L N , and b are, respectively, the binding force between dislocations and weak pinning points, the elastic modulus, the average distance between strong pinning points, and the Burgers vector. As shown in eq. (2), ¤ o depends largely on L d . As the Sn content increases in the MgSn alloys, the concentration of Sn solutes in the ¡-Mg matrix increases, as shown in Fig. 2 , which eventually leads to the decrease in L d . Thus, the lower ¤ o values of the alloys with higher Sn content in Fig. 3 can be readily explained by the lower L d values. Moreover, the lower ¤ H values for the higher Sn contents can be interpreted as the result of the increased number density of Mg 2 Sn precipitates that act as strong pinning points for dislocations. The number density of the Mg 2 Sn precipitates plays a crucial role in determining ¤ H because the C 1 parameter is governed by L N according to eqs. (3) and (4) . Figure 4 shows the GL plots of the pure Mg and Mg(19)%Sn alloys. The tan º values were converted to ¤ H by using the relation ¤ = ³ tan º.
18) A linear relationship is established between ln(¤ H © ¾) and 1/¾, demonstrating that the damping behavior of the pure Mg and MgSn alloys are closely related to the dislocation damping mechanism.
1517) In this figure, ln(C 1 ) and C 2 correspond to the Y-axis intercept and the slope, respectively, and the calculated C 1 and C 2 values are listed in Table 2 : the C 1 value decreases with increasing Sn content. Because the C 1 value is controlled by L N and ¤ H is dependent on C 1 , this result confirms that the increased number density of the Mg 2 Sn precipitates may be responsible for the lower ¤ H value. In the case of C 2 , the value increases with increasing Sn content. This explains the decreased L d value in accordance with eq. (4), and demonstrates that increasing concentration of Sn solutes in the ¡-Mg matrix contributes to the decrease in ¤ o in the MgSn alloys.
Conclusion
This study is intended to investigate the damping capacities of Mg(09)%Sn casting alloys. With an increase in the Sn content, the Sn-rich area and the volume fraction of Mg 2 Sn phase increase, whereas the damping levels both in the strain-amplitude-independent and strain-amplitude-dependent regions become lower. The microstructural examination indicates that the higher Sn solute concentration in the ¡-Mg matrix and the increased number density of Mg 2 Sn precipitates are responsible for the deterioration of the damping capacities in the strain-amplitude-independent and strain-amplitude-dependent regions, respectively. 
